The m-dinitrobenzene hydrogenation to m-phenylenediamine in liquid phase was studied with platinum supported on SiO 2 , TiO 2 , Al 2 O 3 and Nb 2 O 5 catalysts. Incipient impregnation method was used to prepare the catalysts with 1wt% of Pt. The effect of the support and the reduction temperature (473 K or 773 K) were analyzed. The materials were characterized by X-ray diffraction (XRD), nitrogen physisorption (77 K), hydrogen chemisorption (298 K), transmission electron microscopy (TEM), temperature programmed reduction (H 2 -TPR) and temperature programmed desorption of ammonia (NH 3 -TPD). The results showed that Pt/ TiO 2 (HT) catalyst had a higher yield (60%) toward m-phenylenediamine and conversion level (98.2%) of m-dinitrobenzene. This behavior can be attributed to the reduction of PtO x crystallites to metallic Pt, small particle size and the strong metal-support interaction due to the migration of TiO x species on the Pt crystallites.
INTRODUCTION
Hydrogenation of nitro compounds to amines has wide range applications in the synthesis of several intermediate and fine chemicals. The conventional process for reduction of nitro compounds (commonly known as Béchamp process) employed stoichiometric amounts of Fe-acid as the reducing agent producing almost equivalent amount of Fe-FeO sludge as a byproduct 1 . Apart from the serious waste disposal problems, the Béchamp process also suffered from the difficulties in the separation of desired products from the reaction mass and use of corrosive reagents as acids. The catalytic hydrogenation using supported metal catalysts (gas-liquid-solid multiphase catalytic reactions) has emerged as a cleaner alternative to the conventional Béchamp process with better activity and selectivity 2, 3 . Although, these novel catalytic reactions have been employed in several instances, there is still a wide scope for their extension to several other products.
One example is the hydrogenation of m-dinitrobenzene (m-DNB) to m-phenylenediamine (m-PDA), which proceeds via formation of m-nitroaniline (m-NA). m-PDA is an important intermediate for the synthesis of some polymers, aramid fibers, and the production of dyes for textiles, leather and other materials. Additionally, it is also an important component in manufacture of hair dyes, epoxy resins and polyurethane 5 . The hydrogenation of the intermediate m-NA to m-PDA is difficult due to the presence of nitro group in meta position which deactivates the benzene ring 6 and hence the development of a catalyst to achieve a high selectivity to m-PDA is highly desirable.
Usually, the hydrogenation is carried out over Raney Ni catalyst 7 . Although Raney Ni has a high catalytic activity, a large amount of the catalysts is need in the course of the reaction because it is crushed under intense agitation. Moreover, noticeable environmental pollution can be caused during the preparation of the catalyst. Besides Raney Ni catalyst, some supported noble metal catalysts such as Pd/C have been used for this reaction, and they also exhibit high activity and selectivity 8, 9 . In this work, supported platinum catalysts have been attempted for the hydrogenation of m-DNB. In view of the importance of carriers in supported catalyst, SiO 2 , TiO 2 , Al 2 O 3 and Nb 2 O 5 have been used to support platinum catalysts and evaluated in this reaction in order to find an effective catalyst. Furthermore, the effects of the support on the physical-chemistry properties of the platinum catalysts were studied based on the characterization results of X-ray diffraction (XRD), nitrogen physisorption at 77 K, hydrogen chemisorption at 298 K, temperature-programmed reduction of hydrogen (H 2 -TPR) and temperature-programmed desorption of ammonia (NH 3 -TPD). 12, 13 , which affirmed that the platinum present high hydrogenate powder and because it is noble metal with high coste. The impregnated solids were dried at 393K for 6 h, calcined in air at 673 K for 2 h.
EXPERIMENTAL

Catalysts preparation
Catalysts characterization
Nitrogen physisorption was performed in Micromeritics ASAP 2020 equipment. The surface areas were evaluated by the Brunauer-Emmett-Teller (BET) method at liquid nitrogen temperature using N 2 as the adsorbent at 77 K and samples were degassed at 573 K for 6h prior to analysis. The pore size distribution data were calculated by the ASAP 2020 software from the N 2 desorption isotherms. The Barrett-Joyner-Halender (BJH) method with cylindrical pore size calculated from the Kelvin equation was used in the data processing. The same equipment was also used to measure the dispersion of Pt on the supports using hydrogen chemisorption 298 K.
The morphology and particle size of the supported platinum were observed by transmission electron microscopy analysis employed a JEOL Model JEM-1200 EXII equipped with an emission source of electrons at 200 kV. The samples for analysis were prepared by dispersion in ethanol and deposited on a holey carbon/Cu grid (300 Mesh). Up to 250 individual metal particles were counted for each catalyst and the surface area-weighted mean Pt diameter (dp) was calculated from;
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Where n i is the number of particles of diameter d i . X-ray powder diffraction (XRD) of the catalysts obtained only to characterize the phases of the obtained powders. The characterization of the samples was carried out on the Rigaku instrument using Cu K α radiation ( = 0.154 nm) at 40 kV and 30 mA. The diffraction patterns were recorded over the range of 10-84°. The scanning speed was 40 min -1 . H 2 -TPR was carried out in a quartz reactor and 100 mg of catalyst sample was filled into reactor for each experiment. Prior to the reduction, the sample was pretreated in a Ar stream at room temperature for 30 min, later the circulating gas was swap by 95 % argon and 5 % hydrogen mixture, at flow rate of 50 ml min -1 . After, the temperature was increased from 298 to 1173 K at the rate of 283 K min -1 . The H 2 consumption in the reactant stream was detected by a thermal conductivity cell.
Adsorption of NH 3 was studied by a pulse method in a Micromeritics TPD/ TPR 2900 apparatus. The samples were heated up to 383 K and maintained at this temperature for 1 h under He flow. Then, pulses of NH 3 were sent to the samples up to complete saturation. Later, the samples were cooled to room temperature, and once the base line was restored, the temperature was increases linearly at a heating rate of 283 K min -1 up to 800 K.
Activity test
Prior the activity evaluation, Pt supported catalyst was obtained by reduction in a hydrogen flow for 2 h at 473 K (LT: low temperature) and 773 K (HT: high temperature), respectively. Catalytic reactions were conducted in a batch reactor at a constant stirring rate (1000 rpm). For all reactions, hydrogen partial pressure was of 0.82 MPa, catalyst weight of 100 mg, 50 mL of a 0.10 M solution of m-DNB in ethanol (Aldrich) and reaction temperature of 343 K. The absence of oxygen was assured by flowing He through the solution, as well as when the reactor was loaded with the catalyst and reactants at atmospheric pressure during 30 min. Prior the experiment, all catalysts were reduced in situ under hydrogen flow of 20 mL min -1 at atmospheric pressure and temperature of 343 K. Samples were withdrawn at appropriate intervals and analyzed using gas chromatograph Varian 3400 furnished with an HP5 (30 m x 1,0 μm) and a flame ionization detector (FID), using He as carrier. Under these analytical conditions, the retention time of the reported reactants and products were: m-DNB: 13 min; m-NA: 17 min and m-PDA: 8 min.
RESULTS AND DISCUSSION
The difractograms of Pt/TiO 2 , Pt/SiO 2 , Pt/Al 2 O 3 and Pt/Nb 2 O 5 catalysts reduced at high temperature (HT) are showed in figure 1. It can be observed that the Pt/SiO 2 catalyst exhibits signals near to 2θ = 39.5° y 46°, 66° y 81° due to the presence of crystallites of platinum 14 . These signals also are displayed by the Pt/Nb 2 O 5 catalysts; the observed diffraction lines corresponding to 22.5°, 28.5°, 37° and 46° are characteristic of the crystalline niobia TT.
The peaks of Pt/TiO 2 showed a typical anatase (2θ = 25.2°, 38.2°, 48.3°, 55°, y 63.1°) phase TiO 2 with small fraction of rutile (2θ = 27.4°, 36°, 41°, 54°, 56° y 69°) according to the related literature 15, 16 . These results are in agreement with reports of Montes et al. 17 . The peaks of Pt/Al 2 O 3 (2θ= 37.8°, 47.3° and 67°) were mainly assigned to the γ-Al 2 O 3 phase 18 . The results of X-ray powder diffraction not showed diffraction lines of platinum, which presumably is attributed to the highly dispersed on the support. The results of textural properties (surface area, pore diameter, pore volume), hydrogen chemisorption and particle size of supported Pt catalysts are reported in Table 1 . In the textural properties no significant differences occur if the catalysts are reduced at high or low temperature, indicating that almost no sintering of the catalysts takes place as a consequence of H 2 treatment at high temperatures. It is possible to observe that the Pt/SiO 2 (LT-HT) catalysts possess the highest surface area (225 and 222 m 2 g -1 ). On the other hand, the Pt/ Nb 2 O 5 (LT-HT) catalysts possess a low surface area (7.4 and 6.8 m 2 g
, which is agreement with its high crystallinity and absence of micropores.
The Pt/SiO 2 and Pt/Al 2 O 3 catalysts show similar chemisorption values when they are reduced at low or high temperatures, as expected because under this temperature range 473-773 K, due to the inert characteristic of the supports. The chemisorption values of Pt/Nb 2 O 5 and Pt/TiO 2 HT catalysts are lower compared to the LT counterpart. This behavior is explained by the SMSI effect (strong metal-support interaction) 19 . This occurs because niobia and titania are partially reducible oxides and at high temperature reduction a slight reduction may takes place leading to partially reduced species (Nb 2 O 5-x and TiO 2-x ) which can easily migrate over small metal particles. Similar results have been reported by Rojas 20 and Reyes 21 in Ir/TiO 2 and Ir/TiO 2 -SiO 2 catalysts using FTIR, where the electronic metal-support interaction was observed only for samples with the higher titanium content, after being submitted to HT treatment.
The results of particle size of platinum catalysts no significant differences in the systems reduced at high or low temperatures were observed. Representative TEM images (a) and Pt particle size distributions (b) associated with (1) Pt/ Nb 2 O 5 , (2) Pt/SiO 2 , (3) Pt/TiO 2 and (4) Pt/Al 2 O 3 catalysts are given in figure 3 .
The TEM images reveal a pseudo-spherical morphology for the Pt particles in all the samples. A particle size distribution of Pt/Nb 2 O 5 HT showed a wider size distribution with particles varied in width from 1 to 22 nm giving an average Pt particle size of 9.8 nm, as show in figure 3 (b 1 ). This higher value is due to the lower surface area of niobia, therefore the formations of clusters or agglomerates of platinum particles are likely. The Pt/SiO 2 HT catalyst displays a wider distribution with platinum particle size 8.2 nm (figure 3b 2 ). The high particle sizes obtained in the Pt/Nb 2 O 5 and Pt/SiO 2 catalysts, consistent with the platinum signals were observed in the X-ray patterns, as average particle sizes for these systems exceeded 5 nm. Studies performed by transmission electron microscopy (TEM) confirm that the platinum is highly dispersed in Pt/TiO 2 HT and Pt/Al 2 O 3 HT catalysts, showing metal particle size close to 3.3 nm and 1.7 nm respectively. X-ray diffraction studies only showed the lines due to the support, indicating that the dispersion degree of metallic species of Pt is high on the titania and alumina surface.
The reducibility of the catalysts was studied by TPR under H 2 /Ar flow in the temperature range from 298 K to 1173 K. In figure 4 and 5, the TPR profiles for the Pt/SiO 2 , Pt/Nb 2 O 5, Pt/TiO 2 and Pt/Al 2 O 3 , catalysts are displayed. For the prepared catalysts, the profiles show differences in the reducibility of platinum particles.
The profile of Pt/Nb 2 O 5 presented reduction peaks at 400 K that usually ascribed to an oxychloroplatinum surface complex (PtO x Cl y ) 22 . The broad peak at 650 K is related to partial reduction of the support 23 . The reduced species (NbO x ,) are probably responsible for the changes in catalytic and chemisorptive properties of the catalysts after reduction at high temperatures 24 . Pt/SiO 2 system present a peak at 500K, it may be related to the PtO x Cl y complex, as described in literature 25 . In this catalyst no showed signals of reduction peaks may be ascribed to the reduction of the support. The reduction temperature of PtO x Cl y species in the Pt/Nb 2 O 5 catalyst was lower that en the Pt/SiO 2 catalyst which may be attributed to the fact that niobia is a partially reducible supports. Other characteristic in these catalysts was their higher metal particle size and lower dispersion, which were determined by TEM and hydrogen chemisorption, respectively. This behavior may be related to the low hydrogen consumptions for these catalysts.
Pt/TiO 2 catalyst exhibits a maximum peaks at 350, 560 and 640 K. The peak at 350 K is ascribed to the presence of surface oxychloroplatinum complex; the peak at 560 K is related with the reduction of surface PtO x to metallic platinum 24 .
In the TPR profile of the Pt/Al 2 O 3 catalyst, the PtO x Cl y complex reduced at 460 K, also a hydrogen uptake near at 523 K is observed, which is assigned at reduction of PtO 2 particles to PtO. The small peak at 640 K may be attributed to the reduction of PtO to Pt°. A similar behavior was reported by Reyes et al 25 , and Arteaga et al 26 . They prepared Pt/Al 2 O 3 catalysts using H 2 PtCl 6 as precursor. The peak at 640 K corresponds to surface oxygen of the TiO 2 27-29 .
These results suggest that presence of Pt facility the reduction oxygen species on the surface of the TiO 2. Similar effect produced by noble metals (Au, Pt, Rh and Pd) has been reported on CeO 2 30 . The partially reduced titania lead to surface TiO 2-x species after hydrogen at high temperatures (above 673 K), according at the following equation 31 :
The oxychloroplatinum surface complex (PtO x Cl y ) would be formed during drying and calcination, due to the residual chloride ions on the supports after prepared by incipient wetness with H 2 PtCl 6 solution 21 . The presence of this species also was observed by Hwanget al. 32 , they reported that reduces in the range of 400 and 573 K.
In addition, the Pt/TiO 2 and Pt/Al 2 O 3 catalysts presented as well as (PtO x Cl y ) complex, platinum oxide species, the presence of these last can be attributed to a higher dispersion and narrower particle size distribution. These facts facilitate a higher elimination of chlorine during the calcination and reduction treatments. At the same time, in the reduction step occurs the formation de platinum oxide that transforms later on at metallic platinum.
The surface acidity of the catalysts was evaluated from TPD of ammonia. The order of surface acidity of studied samples was following; Pt/SiO 2 >Pt/ Al 2 O 3 >Pt/TiO 2 >Pt/Nb 2 O 5 catalysts. Figure 6 shows the TPD profiles of the catalysts. The position and maximum temperature of each profile is a qualitative indication of relative acidity strong of the particular site. The profiles of the Pt/Nb 2 O 5 and Pt/Al 2 O 3 catalysts showed two desorption peaks; one at 350 K correspond at weak acidity type and the others at 500 K and 610 K in Pt/Nb 2 O 5 and Pt/Al 2 O 3 respectively. These later peaks are attributed at intermediate acidity. The profiles of ammonia desorption of the Pt/TiO 2 and Pt/SiO 2 catalysts exhibited a similar behavior; these systems showed an intermediate acidity type.
(TOF) at the 10% of conversion for Pt supported catalysts for both studied series (HT and LT). It can be seen lower conversion level, initial activity and TOF by the LT series compared with the HT counterpart. Among them, Pt/TiO 2 HT catalyst possess higher activity, whereas, Pt/Nb 2 O 5 LT catalyst showed low activity, initial activity and TOF. Pt/Al 2 O 3 6.8 Figure 7 shows the evolution of the conversion level with time at 343 K and 0.82 MPa in m-dinitrobenzene hydrogenation over supported Pt catalysts (HT series). All the catalysts exhibited similar trends. The conversion increased with the time of reaction. Table 3 summaries the conversion level at the same reaction time (1 h) as well as the initial activity for m-DNB hydrogenation, expressed as micromole converted per second per gram of catalysts and the initial turnover frequency With regard to the HT series the highest initial activity is shown by the Pt/TiO 2 followed of Pt/Al 2 O 3 catalyst. These results suggest that are catalysts with sites very actives for the reaction nitro groups hydrogenation. The highest activities exhibited might result from the particle size; the catalysts that showed small particle size and higher metallic dispersions development a great number of exposed sites at molecules of m-DNB and atomic hydrogen. The Pt/SiO 2 and Pt/Nb 2 O 5 catalysts showed lower initial activity. These catalysts presented particles higher at 5 nm and metallic aggregates were formatted. This fact indicated the presence of less number of active sites, which was calculated for the H/metal ratio.
The TOF results exhibited the same behavior of conversion and initial activity. The catalysts presented values in the following order: Pt/TiO 2 >Pt/ Al 2 O 3 >Pt/SiO 2 >Pt/Nb 2 O 5. The TOF decreased with increased of the particle size was observed. The reaction probably is structure sensitive.
In Table  4 were presented. The products obtained in term of yield or percentage product are expressed. This is due at that are consecutive reactions. As all the catalysts not produce the aromatic amine, a more appropriate comparison is to known the rate constants for all systems. The formation of m-NA and m-PDA are considerate the first step (k 1 ) and second step (k 2 ), respectively.
The rate constants of the first step (k 1 ) of hydrogenation of m-DNB in all the catalysts reduced at 773 K was greater than the rate constants of the first step (k 1 ) of the catalysts were reduced at 473 K. In the HT series, the k 1 exhibited following order; Pt/TiO 2 -Al 2 O 3 >Pt/TiO 2 >Pt/Al 2 O 3 >Pt/SiO 2 >Pt/ Nb 2 O 5. This order is according with the tendency showed regard of the particle size, surface acidity and reduced PtO x species. Also, with decreasing average particle size, the rate constants are increased. The catalysts with intermediate acidity and reduced PtO x species showed higher rate constants (table 5). In these systems, the rate constants (k 2 ) were lower than the rate constants (k 1 ). Therefore the reaction of m-NA to m-PDA is the limiting step of the reaction. These results is according at the literature; For such polynitroaromatics, the rate of reduction of the first nitro group is generally much more rapid than the rate of reduction of the remaining nitro groups; in most cases, the rate of subsequent reduction is so slow that the process is effectively stopped after the first nitro group is reduced 33 .
CONCLUSIONS
-Activity and selectivity of supported platinum catalysts for m-dinitrobenzene hydrogenation reaction were strongly affected by the physico-chemical properties of supports.
-The highest activity and selectivity towards m-phenylenediamine observed over the Pt/TiO 2 catalyst in solvent ethanol, suggesting that the Pt/TiO 2 HT catalyst is a promising catalyst for the synthesis of m-phenylenediamine.
In the Pt/Nb 2 O 5 and Pt/SiO 2 catalysts the partially reduction of nitro groups of m-DNB was observated, with 99.9% to m-NA (figure 9). They had low activity for hydrogenation.
This result is attributed to the smaller particle size, intermediate acidity and reduced PtO x species.
-In this study was possible to obtain regioselective catalysts in the hydrogenation of substituted nitroaromatics from metal little studied in such reactions, with Pt/Al 2 O 3 and Pt/TiO 2 catalysts reduced at high temperature better performance in the hydrogenation of m-dinitrobenzene.
